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whereas it remains unclear as to how cellular autophagy affects the homeostasis and function of glucagon-secreting a cells, which are another type of pancreatic endocrine cell.
Pancreatic a cells play an essential role in elevating plasma glucose levels through glucagon secretion [8] . In addition, it has been known for decades that not only insufficient insulin secretion from b cells but also inappropriate glucagon secretion from a cells is involved in the pathophysiology of diabetes [9] [10] [11] . Therefore, a better understanding of a-cell biology will lead to an integral comprehension of glucose homeostasis and the development of diabetes.
In the current study, we hence investigated the role of autophagy in a cells using a mutant mouse model lacking Atg7, which is a key molecule of autophagosome formation, and found that a-cell autophagy is required for maintaining normal a-cell architecture and cellular proliferation, whereas it is dispensable for metabolic homeostasis.
Methods
A. Animals GFP-LC3 transgenic mice, floxed Atg7 (Atg7 flox/flox ) mice, and Gcg
CreERT2/1 knock-in mice were generated as described previously [12] [13] [14] . Mouse genotypes were determined by PCR using DNA from tail biopsies. Tamoxifen (Sigma-Aldrich, St. Louis, MO) was prepared at 20 mg/mL in corn oil. For induction of Cre-mediated recombination, the mice were subcutaneously injected with 4 mg of tamoxifen at the age of 4 weeks, three times over a 1-week period. For the induction of autophagy, an inhibitor of mammalian target of rapamycin, Torin 1 (TOCRIS, Bristol, UK) was administered to C57BL/6J mice at the age of 8 weeks, as previously described [15] .
Mice were housed on a 12-hour light-dark cycle in a controlled climate. All studies involving mice were reviewed and approved by the Animal Care and Use Committee of Juntendo University.
B. Measurement of Metabolic Parameters
Glucose tolerance tests were performed after an 8-hour fast by IP injection of glucose (2 g/kg body weight) at the age of 10 weeks. Insulin tolerance tests (ITTs) were performed after a 6-hour fast by the IP injection of insulin (0.75 U/kg body weight) at the age of 8 weeks. Blood glucose levels and plasma glucagon levels were measured using a portable glucose meter (Sanwa Kagaku Co., Ltd., Nagoya, Japan) and glucagon ELISA kit (Mercodia, Uppsala, Sweden, RRID: AB_2783839 [16] ), respectively. Plasma amino acid profiles were assayed by liquid chromatography-tandem mass spectrometry.
C. Histology and Immunostaining
Tissues were fixed in 4% paraformaldehyde in PBS at 4°C, washed in PBS, immersed in sucrose solution, and embedded in Tissue-Tek (OCT Compound, Sakura, Tokyo, Japan), or processed routinely for paraffin embedding. Sections were blocked with 1% horse serum, incubated with primary antibodies overnight at 4°C, and then visualized by incubation with secondary antibodies for 30 minutes at room temperature. The primary antibodies used in this study were the following: guinea pig anti-insulin (1:5; Dako, Carpinteria, CA, RRID: AB_2800361 [17] The a-cell area was determined from three different sections separated by at least 100 mm. Images were captured with a Keyence BZ-X700 fluorescence microscope (Keyence, Osaka, Japan) and measured using a BZ-X analyzer (Keyence).
D. Electron Microscopy
Transmission electron microscopic analysis was performed as previously described [4] . Briefly, mice were fixed by cardiac perfusion with 2% glutaraldehyde in 0.1 mL/L phosphate buffer (pH7.4). Samples were embedded in epoxy resin. Semithin sections were cut and stained with toluidine blue. Ultrathin sections (80-nm thick) were cut and observed with a Hitachi HT7700 electron microscope (Hitachi, Tokyo, Japan). Cell types within islets were distinguished by the specific appearance of secretory granules [32] .
E. Statistical Analyses
Statistical analyses were performed using SPSS 18.0 for Windows (SPSS Inc., Chicago, IL). Comparisons of two samples were performed by unpaired two-tailed t-tests. Multiple groups were analyzed by one-way ANOVA with a multiple comparison test. P , 0.05 was considered to indicate a statistically significant difference between two groups. Data are presented as the mean 6 SE.
Results

A. Comparison of Autophagy Status in a Cells Between Fed and Fasted Conditions
To investigate autophagic status in pancreatic a cells, we used GFP-LC3 reporter mice, in which autophagosome formation can be visualized as green fluorescent puncta [12] and performed immunostaining for glucagon to label a cells (Fig. 1A) . Quantification of green fluorescent puncta in a cells demonstrated an increase in the number of puncta after a 30-hour fast compared with under fed conditions (Fig. 1B) . Furthermore, TFEB, an essential inducer for autophagy [33] , was clearly observed in the nuclei of a cells after the 30-hour fast ( Fig. 2A) , which is similar to the control experiment using an inhibitor of mammalian target of rapamycin, Torin 1 (Fig. 2B ). In addition, data analysis based on single-cell RNA sequencing of the human pancreas, which was reported by Segerstolpe et al. [34] , demonstrated that TFEB mRNA was highly expressed in human a cells as well as in b cells (Fig. 2C ). These findings suggest that pancreatic a cells exhibit two distinct phases of autophagy status between fed and fasted conditions, as seen in most other cell types such as acinar cells and hepatocytes [12] .
B. Generation of a-Cell-Specific Atg7-Deficient Mice
To investigate the role of cellular autophagy in a cells, floxed Atg7 (Atg7 flox/flox ) mice were crossed with Gcg CreERT2/1 mice [14] , which express tamoxifen-inducible Cre recombinase under the control of the proglucagon promoter, to delete Atg7 in a cells, but not in other endocrine cells in the islets of double-mutant mice (Gcg CreERT2/1 ; Atg7 flox/flox (aAtg7KO)). When Cre-mediated Atg7 deletion was induced by subcutaneous injection of tamoxifen at the age of 4 weeks (Fig. 3A) , the accumulation of p62, which is an adaptor protein for autophagy, was observed in more than 90% of a cells of 10-week-old aAtg7KO mice, and the number and size of p62 puncta were increased with age (Fig. 3B) , whereas there was no detectable staining of p62 in control littermates. Because p62 has been shown to be degraded by autophagy [35] , the specific and substantial accumulation of p62 in a cells, but not in other endocrine cells in the islets, indicates that autophagic failure is efficiently induced in a tamoxifen-inducible manner in aAtg7KO mice, as we originally designed. In addition to immunofluorescence imaging, electron microscopic analysis of aAtg7KO mice confirmed the induction of autophagic failure in a cells, demonstrated by the presence of inclusion bodies, deformed mitochondria, and concentric membranous structures, which were consistent with the findings in other cell types under Atg7 deficiency (Fig. 3C-3F ) [13] .
C. Comparable Metabolic Profiles Between aAtg7KO and Control Mice
To investigate whether Atg7 deficiency in a cells affects metabolic homeostasis, we investigated various metabolic parameters, such as body weight, glucose tolerance, insulin Immunostaining for glucagon (red) was performed in GFP-LC3 transgenic mice at the age of 12 wk under fed (upper panels) and fasted (middle and bottom panels) conditions. Nuclei were labeled with DAPI (blue). Whereas few greenfluorescent LC3 puncta were detected in a cells under the fed condition, a large number of green fluorescent puncta were observed after 30-h fasting. Scale bars, 50 mm. (B) The number of green fluorescent puncta in a cells was quantified in GFP-LC3 mice (males and females) under fed and 30-h-fasted conditions (n 5 3 mice in each group). Data are presented as the mean 6 SE. *P , 0.05. eGFP, enhanced green fluorescent protein.
tolerance, and plasma glucagon levels. When Atg7 deficiency was induced at 4 weeks of age, body weights and random blood glucose levels were comparable between aAtg7KO and control littermates until the age of 10 weeks (Fig. 4A and 4B ). Blood glucose levels during the Figure 2 . TFEB expression in a cells. (A) Immunostaining for glucagon (green) and TFEB (red) was performed in C57BL/6J male mice at the age of 8 wk under fed (upper panels) and fasted (bottom panels) conditions. Nuclei were labeled with DAPI (blue). Scale bars, 50 mm. (B) Torin 1 was injected to 8-wk-old C57BL/6J mice that were euthanized 2 h later. Immunostaining for glucagon (green) and TFEB (red) was performed in the pancreas. Nuclei were labeled with DAPI (blue). (C) Boxplot of TFEB expression levels based on single-cell RNA sequencing data of five healthy human subjects, as published by Segerstolpe et al. [34] . The original transcriptome data were downloaded through EMBL-EBI (accession number: E-MTAB-5060 and 5061). The boxes mark the interval between the 25th and 75th percentiles. The whiskers denote the interval between the 5th and 95th percentiles. Markers above whiskers indicate data points outside the 5th and 95th percentiles. Data are presented as the mean 6 SE. RPKM, reads per kilobase of transcript per million mapped reads. glucose tolerance test (GTT) and ITT showed no difference between the groups (Fig. 4C and  4D ). In addition, plasma glucagon levels, which were measured after an 8-hour fast or after insulin injection during the ITT, were not different between aAtg7KO and control littermates at the age of 10 weeks (Fig. 4E and 4F) . Furthermore, whereas suppressed glucagon signaling is reported to affect the profiles of circulating amino acids [36, 37] , there were no changes in (aAtg7Het), and aAtg7KO male mice were measured every 2 wk (n 5 6 to 11 mice for each group) until the age of 10 wk. (C) Blood glucose levels were measured during the IP GTT at the age of 10 wk, 6 wk after tamoxifen injection, as indicated in Figure 3A . (D) ITTs were performed at the age of 8 wk, 4 wk after the tamoxifen injection. (E) Plasma glucagon levels were measured after an 8-h fast at the age of 10 wk. (F) Plasma glucagon levels were measured 30 min after IP insulin injection at the age of 10 weeks. In (C-F), n 5 3 to 5 mice for each group. Data are presented as the mean 6 SE.
plasma amino acid composition between the groups (Table 1) . Taken together, we did not find any effects of the autophagic failure in a cells on metabolic homeostasis, at least regarding the parameters that we assessed under our experimental conditions.
D. Abnormal Distribution of a Cells in the Islets of aAtg7KO Mice
Immunostaining for glucagon, insulin, and chromogranin A demonstrated that there was no difference in total endocrine cell area, total a-cell area, and total non-a-cell area across the pancreas between the groups (Fig. 5) . On the other hand, more detailed observation of individual islets revealed that some islets of aAtg7KO mice had a large number of a cells, with multiple-layered structures (Fig. 6A) , and other islets appeared normal with a cells peripherally located around insulin-producing b cells. To evaluate the changes in a-cell distribution in aAtg7KO mice statistically, scatter plots between a-cell area and total endocrine area were made using a-cell ratios in the islets calculated by immunostaining for glucagon and chromogranin A (Fig. 6B and 6C ), which demonstrated that the percentage of the islets with higher a-cell ratios (.0.25) was higher in aAtg7KO mice than in control littermates (Fig. 6D) . To investigate whether a higher a-cell ratio in aAtg7KO mice was a result of increased a-cell proliferation, immunostaining for glucagon and Ki67 was performed. Contrary to our expectation, the number of Ki67-positive cells was decreased in aAtg7KO mice ( Fig. 7A and  7B ), which suggests that autophagy deficiency suppresses a-cell proliferation. On the other hand, TUNEL staining showed that a-cell apoptosis was not decreased in aAtg7KO mice (Fig.  7C) . Thus, the higher a-cell ratios of aAtg7KO mice do not appear to be a result of increased a-cell proliferation or decreased apoptosis.
Discussion
Although several studies have demonstrated that autophagy plays a role in cellular homeostasis in pancreatic b cells [4, 7, 38, 39] , it remains to be elucidated as to how a-cell function is regulated by autophagy. In this study, we investigated the role of cellular autophagy in a-cell homeostasis in mice. Plasma amino acids profiles were assayed in aAtg7KO mice and control littermates at 10 wk of age (n 5 3; males and females in each group), which was 6 wk after the first tamoxifen injection. Data are presented as mean 6 SE.
Our results demonstrated several similarities and differences in the regulation and roles of autophagy between a and b cells. First, immunofluorescence imaging of GFP-LC3 puncta revealed that the number of green-fluorescent puncta in a cells was increased during starvation, like most other cells types [12] , whereas green fluorescent puncta in b cells were more easily detected underfed conditions (Fig. 1) , which is consistent with a previous study [40] . On the other hand, the nuclear translocation of TFEB was more clearly observed in both a and b cells after a 30-hour fast compared with fed conditions (Fig. 2A) , which is in contrast to the findings of GFP-LC3 puncta described above. Second, Atg7 deficiency in a cells did not affect metabolic profiles at least regarding the parameters that we tested, whereas Total pancreatic areas and a-cell areas were measured based on immunostaining for glucagon. The ratio of (B) total endocrine area to total pancreatic area, (C) total a-cell area to total endocrine cell area, and (D) total non-a-cell area to total endocrine cell area were displayed as bar graphs. In (B-D), n 5 3 mice for each group. Data are presented as the mean 6 SE. Immunostaining for insulin (green) and glucagon (red) was performed in the pancreas of aAtg7KO male mice and the control male littermates. Nuclei were labeled with DAPI (blue). Multilayered a cells were observed in the islets of aAtg7KO mice. Scale bars, 50 mm. (B) A schematic diagram of the experimental strategy used to calculate the a-cell ratio for each islet from aAtg7KO mice. Immunostaining for glucagon (red) and chromogranin A (green) was performed and then a-cell ratio was calculated as shown on the right. (C) Scatter plots representing a-cell area vs total endocrine area in the pancreata of control littermates (green plots, n 5 4 mice) and aAtg7KO mice (red plot, n 5 3 mice). Each dot stands for one islet that was used for measuring a-cell area per cell and endocrine-cell area per cell. Control littermates include Gcg CreERT2/1 ; Atg7 flox/1 (aAtg7Het) and Gcg CreERT2/1 ; Atg7 1/1 . (D) A bar graph showing the percentage of islets in which the a-cell ratio was more than 0.25 (dotted lines in the scatter plots). Chga, chromogranin A; Gcg, glucagon.
b-cell-specific Atg7 deficiency (bAtg7KO) resulted in impaired glucose tolerance. Last, a-cell ratios were increased in aAtg7KO mice, whereas bAtg7KO mice had decreased b-cell mass under a high-fat diet [4] , although both aAtg7KO and bAtg7KO mice showed suppressed cellular proliferation. The opposite roles of these two types of endocrine cells in regulating glucose homeostasis between reflect such distinct phenotypes.
Disarranged and/or multiple-layered a cells were detected in several islets of aAtg7KO mice, where a-cell area was increased (Fig. 6A, 6C , and 6D), although many other islets had . All mice used in these experiments were euthanized at 10 wk of age, 6 wk after the first tamoxifen injection. Data are presented as the mean 6 SE.
relatively normal a-cell area. These findings suggest that autophagy is essential for maintaining proper a-cell architecture in the islets. Increased a-cell mass had been reported in several mouse models, in which glucagon itself or glucagon receptor signaling was suppressed [41] [42] [43] . In these mouse models, hepatic gene expression is altered, which results in high levels of serum amino acids such as glutamine [19, 20] . Whereas these mouse models demonstrated increased a-cell proliferation, the number of proliferating a cells in aAtg7KO mice was decreased compared with control littermates (Fig. 6B) . In addition, plasma profiles of glucagon and amino acids were comparable between the groups ( Fig. 4E; Table 1 ). These findings suggest that the underlying molecular mechanisms by which a-cell ratio was increased in aAtg7KO mice are totally different from those in the other mouse models described above. Higher a-cell ratios without increased a-cell proliferation or decreased apoptosis (Fig.  7) suggest the possibility that a-cell neogenesis from the non-a-cell population causes such a-cell architecture under Atg7 deficiency.
Immunohistological observation of the pancreas revealed that not all the islets had a high a-cell ratio, that is, there was heterogeneity in a-cell area among the islets of aAtg7KO mice (Fig. 6B) . The accumulation of p62 puncta was observed in most a cells throughout the islets (Fig. 3B) , showing that the autophagic failure was homogeneously induced in a cells as we originally designed. Therefore, it would be difficult to explain the heterogeneity of a-cell architecture solely by incomplete Cre-mediated recombination. To address this question, the circumstances in which abnormal islets with high a-cell ratio are formed need to be clarified.
Disruption of a-cell homeostasis as well as b-cell failure have been shown to lead to impaired glucose tolerance [9] [10] [11] , and the general importance of autophagy for cell homeostasis as well as its involvement in human diseases [44] tempted us to investigate the role of a-cell autophagy in glucose metabolism. Our present study demonstrated that the effects of autophagic dysfunction in a cells are substantially different from the effects in b cells, showing that Atg7 deficiency in a cells did not elicit substantial changes in metabolic profiles. There is still the possibility that Atg7 deficiency in a cells may affect metabolic profiles under certain circumstances. For example, aged Atg7-deficient mice may have distinct phenotypes from younger mice. In addition, measuring glucagon and GLP-1 secretion ex vivo in isolated islets would be important for clarifying the differences between aAtg7KO and control mice. Thus, further studies are essential for uncovering the role of autophagy in a cells.
